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ABSTRACT

A two-dimensional numerical model of urderground
ofl shale retorting, which fully couples retorting
chemistry with fluid and heat flow, has been developed.
The modei solves the time-dependent, two-dimersional
mass, momentum, and energy balance =quations for a
nine-conponent  fluid {7, Na, Hy, €0y, €O,
CHa, CHy, Ho0, and ofl), Water and o'l can flow
in the §1quid and/or vapor phases, letort chemistry
includes kerogen pyrolysis. carbonate decomposition,
char reactions, and combustion. Also, detailed model-
ing of heat flow and chenistry inside shale particles
allows large rubble sizes as weli as small sizes to be
cons {dered,

The model is cownpared to cne-dimensional experi-
mental data obtained from Lawrence Livermore National
Laboratory, The mode)l can be used to examine the
eftect of twn-dimensional variations in shale grage,
rubble size, permeability, porosity, quometry, inflow
gas compostticn, etc, on retorting efficiency anu
process optimization, A sample calculation is pre-
sented,

NOMENCLAT'IRE

concentration of chemical specie (kalky)
: enerqgy source or sink rate Wis)
H heat * reaction (4
1 internal energy per unit volume (meﬁ)
K reaction rate coerficlents 5\“‘;
Kp mass transfer coefficient mls
L average ltoca) parcicle size {m)
M molecular weight (am/mole)
Ny number of particies of radtus Ry
p fluld pressure (kPng
R particle radius fm
Re Reynold's number
Ro gas constant Hmole o X)
5 MmAss source or sink raie (kq/%)
1 tomperature (k)
v velocity {(m &)
Wy wotght percent of particles navine

radius Ry

X mole fraction in bulk gas

f fraction of void space occupied by

air and vapor
) gravity acceleration {(m/s2)
k effective permeability (m?)
r radial position within a particle (m)
t time ()
n molar density
a stofchiometric coefficients
8 heat transfer coefficient between fluid

and particles (3Im2)s)
] Dirac delta functional
c porosity
\ thermal conductivity (Jim °C )
n viscosity (kg/m )
P mass density {kq/md)
0 fraction of void space occupied by liquid
Q computational cell volune (md3)
Subscripts
¢ TFefers to char
f refers to total fluid
q refers to gas component
GV refers to gas-vapor mixture
{ refers to phase ‘llqu\d or air/vapor)
1) refers  to  Jth specte  favolved  tn th

chemical reaction
i refers ta it gas componens
v refers to liquld
» rafers to properties of a representative particle
pi refers w0 property of XY reprosentative
particie

q rufoers to a chemical specte inside particles
< refers to average value on particle surface
N refors to surface of particle size |
v rofers to vapor component

INTRODLCT [ON

Huge roserves of hydrocarbons e locked in
shale doposits under the Rocky Mountaing, f e onom
feally foasible extraction of thiy fosot] resource s
A diftticult task,  Several schemss bave heen  pro.
posed, One  Important  class of  extraction methods
fs the in «itu approach, Hore, poroctty s (reated
in shalé  hy partial mintng  tollowsd by blasting,
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The resulting rubble is then burned in place to drive
out oil and various gas products from the shale
rubble, 0i1 yield depends on many factors, for
example, how uniformly the shale is rubbled, what
igniticn strategy is used, etc.

Field and 1laboratory experiments are needed to
define the dependence of oil yield on various para-
meters. However, field experiments are quite expen-
sive, Experimentally validated mathematical models of
the retorting prccess can be helpful by allowing
various parameters to be manipulated in the computer
at much less expense, Models also provide a framework
for analyzing experimental results and can provide
guidance in the design of experiments and process
optimization.

Several models of oil shale retorting have been
published in the last decade. The most detailed and
documented is Braun's model (1). Almost all of the
models available are one-dimensional. The two-
dimensional work availahle either treats only a
specialized geometry with ono-dimensional flow (2) or
does not contain a full chemistry mode} coupled with a
complete description of the flow (3). They cannot
properly handle the non-uniformities that will in-
evitably arise,

Non-uniformities in in situ retorts can be of
several types: tinose due to spatial variations 1in
shale gradz; those due to variations in rubble size,
prorosity, etc., brought about by blasting; and those
due to asynmetric 1injection/coullection, These non-
uniformities will frequently be multi-dimensional and
extensive (4). The evaluation of the sensitivity of a
retorting process to various non-uniformities reguires
a multi~dimensfonal retorting model., Because of these
considerations, we have constructed a transient,
two-dimens fonal odel of ofl shale retorting that
fully couples flu‘d dynamics to retort chemistry,

A fully coupled, two-dimensional MIS (modified
in situ) ofl shale retorting mode! will cllow us to
examine the influence of spatial variations ir shale
ruuble permeability, porosity, grade, and ruhble size
on retorting efficiency, The effects of retort geo-
metry, air {injection, and ignition strategies can also
be considered, For example, the model could possibly
be used to find an air injection/inflow composition
strategy that would minimize the udverse effects of
poorly rubbled regions., Gravitational effects, which
are especially important in horizontal retorting since
hot injection gases and combustion products will tend
to rise to and flow along the top of a horizontal
shale layer, are included. Condensation of steam and
particularly of ofl vapor may also be an important
process. P ‘ference (5) argues for the timeliness of
pursuing thy, task,

Our approach to this modeling effort consists of
taking a fairly detailed porous flow model called WAFE
(6), the first verslion of which was written in 1977,
and adding to 1t the of) shale chemistry that has haen
workeg out at the Lawrence [ivermore Natfonal Lahora-
tory (LINL)Y (7). The expanded version of WAFE s
called WAFE-OS (B), the details of which we now
describy, o

WAPT .05 MODEL

Flow

’ The WAFE .05 code models transtent, multi-phase,
multt component , two.dimensional mass and heat trans.
port dn porous media using Cartesian or cylindeica)
coordinates,  Flow I8 not restricted to Darcy's law,
Thiv allows us to compute flows in high permeability
reqlons and  thannels,  Material properties of the
shale . wuch o as porosity, pevmeability, conductivity,

etc., and initial conditions can vary spatially,
Horizontal and vertical anisotropy is also allowed.
Boundary conditions and mass and energy Sources and
sinks can be constant or time-dependent. Sources/
sinks can be specified in any number of computational
zones., The inclusinn of gravity allows us to examine
buoyancy-dominated flows. The code employs 3 highly
implicit, fintegrated finite difference numerical
scheme,

WAFE-0S solves the conservation eguations of
mass, momentum and energy for flow in porous media.
Current1y, WAFE-0S carries two condensable components
(Ho0, o©01i1) and seven noncondensable gases (02,
Np, Hp, COp, CO, CH,, CHg). The mass con-
servation equation for a noncondensablo is

> .
€ at(fog) + ¥ og Vg - th (1)

and, for a condensable component,

» > .
€ aplog ot oy £) 0T Top Yty V) ey, o (2)
The momenta equations are carried in a reduced

form known as the Forchheimer equation (9)

<1 + 01: _,'—J)vi - - — (VP * oy 3) (3)

This relation takes into account inertial effects
but not acceleratinn, It can also be written as an
expansion in Reynold's number, Re,

(Rpe

where v is the Darcy equation velncity for phase
. ?Ow Reynold's numbers (¢ 10), this reduces to
Durcy s Taw, -

The WAFE-0S model carries an energy equation for
the fluid and a separate ore for the matrix. For the
fluid, the change in internal enerqy depends on the
enerqy convected in the liguid and gasecus phases, on
enerqy sources/ sinks, on the work done on and by the
fluid as it flows, on the exchange of snerqy between
the fluid and tha rock, and finally nn thermal diffu-
sfan in the fluid. The fluld enerqy equation fis

» »
&) ¥y = Vpi (4)
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where Ay is the effective thermal conductivity for
the flufd and {$ romputed from

. (¢)

X' - a4 Ay + 'lqv

The enerqy consecvation for the rock {4 somowhat
more compl ‘cated, For the purpose of eneray calcula-
tion, the shale instoe & computational zone {s assumed
to be {n the form of spherical particles, The actual
distributtor of particle <izes in a computational zonm
18 approximated hy no more than five represertative
particles  of radii Ryy.  Care must be  taken  to
ingure that the actual volume of shale and the total



surface area are truly represented by proper choice of

and Wy, can vary from zone to zone,
Tge energy equat?on for each zone's representative
particl ; includes heat diffus. ithin the particle,
heat ot reaction from chemical «ctions inside the
particle, and a source term Q, ich is the energy
conducted from one zone to the ne At the surface
of each particle, heat exchange wit: the fluid occurs.
The rock energy conservation is stat.d in the follow-
ing equations:

1 3 (.2 T
) :7 ar (r *p '3%) * E Hq t cq
2
+ g(r - Rp) 4w RpQ , (7)
Q- ”Nl-,—fv-[u-c)xvr]dn. (8)
Y% “all particles
in @
a7
pE =B (Te =T ) atra Roy o (9)
- Z agj Kag (Tp) &5 (10)

The gas products generated inside particles alung with
the associated energies are deposited in the fluid in
the porosity via the mass and energy source/sink terms
in equations (1), (2), and (5).

Several constitutive relations are needed to
complete the model, Effective permeability for each
phase depends on saturation, pressure, and location,
Fluid viscosities are functions of temperature and,
for the gas phase, of mole fractions, Tables are use
for much of the condensable component equa*ion ot
state; noncondensables are treated as perfect gases.
Finally, the sum of all saturations must equal one,

These relations are summarized 1in the following
expressions:

ki ki (o, Py %), (11)
LR (Tf, Mirs Myps Myge oo "1j) . "12)
| = l(Tf. Poe Pye bgle Pgpr sees qu) . (13)
Poa o, nOT. PowP (T 0) (14)

9" 4" H? £r Ty T Tyl Py ’

f ¢+ 70N + Yo * 1, (15)

PR

WAFE-0S {s completely operational, Total mass
and aenergy e conserved during mass and enerqgy ex-
change between the particles and the flutd, <hale
particles can have up to ten internal shells for enerqy
and chemistry calculations, hut the total number of
shells per zone cannot exceed 10 because of computer
memory  limitations, There are a few mino changes
ptanned in the future, for cxample, allowing X to
dopend on To. A typieal computational mesh {5 shown
in Fta. 1. "Also shown are the representative shnlv
particlies and thetr internal strecture,

[}

Fig. 1. Typical computational mesh (a),

particle (c).

zone (b}, and

Derivation of the equations of flow, Tgs. (1)-
(5), for a permeable medium and a discussion of
underlying assumptions can be found in Ref, (10},

Kerogen
he kerogen decomposition model is similar to
that described in Ref, {7) and {s summarized here,
0i1 and C, and C3 compounds are released in one
step. CHy and Hp, however, are relcased in
several steps, each corresponding to a temperature
range,

The basic stoichiometry for western oil shale
kerogen pyrolysis is:

Primary kerogen pyrolysis (T < 500°C) (16)

Kerogen -» ,725 o1l + ,205 chary + ,018 COp

+ 011 Ha + ,008 CHg + .014 CHy *+ .017 H20

Secondary char pyroiysis (500 < T ¢ 650°C) (17)
Chary -» .952 charp + 047 CHy + 068 Hy
Additional char pyrolysis (650 < T < 900°C) (18)

Charp -» chary + (13 Hp
3.7 x 109 J/kq kerogen are absorbed,

The temperature dependence of ‘the rate “con.
stants" has been modified from that given in Ref. (7)
to allow us to fit kerouen pyrolysis data without
resorting to a distribution of activation enerqles for
Hy and CHg.

The actual steps used to describe keroaen and
char pyrolysis in WAFE-0S are:

Kerogen c¥yp ofl, charp, €0, Ho0, CHy (17)
PR
Kip W
N
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Chary K21 charp, Hz (20)
-—>
K22 CHa
-->

‘hary K3 charg, Hp (21)
~->

where the rate coefficients K; are jiven by

Ky = 2.8 x 1013 x e{-26341/T) -1 (22)
K2 = 1.1 x 101C x ?( -22011/T) -1 (23)
Kl3 = 5.8 x 109 & 20568/T) -1 (24)
Koy = 13.ooo x el-14554/T) 17 (25)
K3p = 3. ?( -3359/T) -1 (26)
K3 =29 x e(-12028/T) ¢-1 | (27)

The o0il released in primary kerogen pyrolysis
can exist as liquid and vapor in a certain temperature
range. In WAFE-0QS, the partitioning of o0il between
the 1liquid and vapor states is accomplished in the
following manner,

(vapor) = x - 0il

(28)
oil (liquid) « (1 - x) *+ oil
where
0.38 , for T < 490 K
x = /0.38+ (T - 490) « 0.0021908 ,
for 490 < T ¢ 773 K (?9)
t1. , for T > 773 K.
0il vapor is vemoved from a particle shell. Liquid

oi) remairs behind. [If, however, the heating rate in
a particle shell f{s sufficiently large, more liquid
011 will be vanorized., The totu) oil produced {and
deposited into the gas stream) during a time step in a
particic shel) {s given by

0il (produced) ~ ol (vaoor) + oil (1iquid)
x min [1, max (0, 0.12 x aTp/at)] , (30)

wnere AT,/at s the rate at which the shell tempera-
ture is éhang1nq.

(arhonates

w0 carbonates are allowed, calcite and dolomite,
The calcite and dolomite decompositions are those
doscribed in Ref, (1), namcly,

g CACO3* ¢ 510, --» 7 Casi0, ¢ Cal ¢ 5 €0, (31,
MgCO3 --» MgO + €O, . (3?2)

In the firust reaction, 1. kg of gar yields
0.44 kq of CO0p and requires ? 9 x J/kg COp.

'n  the second reaction, 1, kg of M0y  ylelds
0.5¢2 kg or (0, and absorbs 3 x 106 ’kq CCp.
The rate coefficients for these reactionﬁ are

K| = 9.6 x 1010 a(-36050/T}) « (33)
ky = 1.7 % 1010 o(-29090/T) o (38)

In the code, the percent composition of each carbonate
can oy spatially,

Combustion

e true details of the gas stream combustion
reactions are not known exa-tly. The following scheme
provides a reasonable match with observetions,
Reactione:
0.495 kg oil + 1, kg Cp --»

0.507 kg Hpo0 + 0.988 kg CC (35)

2 Hp + 07 --» 2 H20 (36)

0.414 kg CHy, ' 1. kg 0p —-»

0.608 kg Hy0 + 0.806 kg CO (37)
2 CHg + 3 0p ——» 4 Hp0 + 2 CO (38)
2. C0 + 0y —-» 2 COp (39)

The ignition temperature for these reactions fis
vaken as 400°C. Above 400°C, gases are burned in the
following order: oil, H2. CHy, CH4, and (0.
Combustion proceeds as far as the 02 levels permit.
These reactions are highly exothermic. The heats of
reaction for the above reactions are:

Hy = 0.988 x 107 J/kg 02

Hp = 1.51 x 107 J/kg 07

H3 = 1.08 x 107 J/kq 0 (40)
Hg = 1.08 x 107 J/kg 07

Hg = 1.77 x 107 J/kq 02

Char

The char/0; reaction can be an important source
of heating for the retort process. The representative
reaction is

C+0p --» (0 (41)

The heat of reaction is 3.26 x 107 J/xq char
and is deposited in tne particle shell zone containing
the char burn front, We assume that char produced
during kerogen pyrolysis 1is burned at a sharp inter-
face as oxygen diffuses into the (assumed) spherical
shale particles. This {s the shrinking core model and
agrees well with experimental data, The rate at whicn
this sharp burn front moves inward is given by

3 -1
dR, [o,] <R ) R (R -R)
2 C 1 c'p ¢
L m 20,375 + (42)
HI rchar \ B S kg Rp Dé J

where

[0,] = gas stream oxygen density (kg/m3)

p char = local char density in particle shell
(kg/ms)

Re = char burn-front radius (m)

S¢ « specific surface area (3 1000 m?/m?) 2

0 = effective 0, diffusivity in shale (m"/s)

ok « initial kerogen density (kq/m3)

and

kg - 6.53 x 105 ,T -22140/T  m/s (43)

, NS UL AU LR TSN (1Y



The reaction can only proceed when 0> and char
are present. In addition, R, is not allowed to
change until the keroygen has been almost completely
pyrolyzed (99% or more).

If char pyrolysis is not complete but the char
0p reaction can occur, char pyrolysis is driven to
completion in the particle shell volume swept out by
Rc during a time step. This is also done for the
ofher char reactions {(char - COp and char - H,0).

The char/CO) reaction is
C+C0p—>»2C0 . (45)
Only the forward reaction is considered. This reaction
requires high temperature (> 600 C} not only because
of its own kinetics but also because it requires COp
that generally will be present only when carbonate
decomposition 1s occurring, which requires elevated
temperatures. This reaction is endothermic, absorbing
3.92 x 108 J/kg COp consumed.

Sequencing o% this reaction with other reactions
is done in the following way. In each particle shell,
the char/CO; reaction is not computed until kerogen
decomposition 1is complete. If kercgen decomposition
is complete, then carbonate decomposition is checked.
1f carbonate decomposition 1is occurring, the char/
COp reaction is calculated as follows,

The rate of COp depletion, Ry  (kg/m’
«s), is computed from
R Ke e
2" 2
Ry
F(l L I (46)
kl(Rl - RZ)/
R2 is giver by
R -B +V B + 4 C (47)
QT
where
B - (F Rl + kC ‘)C)kl - kC nc kl :l (48)
FIZ="%)] FIZ -]
ke = 5.7 x 108 exp (-20130/T) (s-1y,
k] = 4,15 x 103 exp (-11420/T) (s-1),
F = 0.2727 kg char/kg C0p (kg/kg), (49)
pc = local char concentration (k35m3),
Ry = rate of COp generation (kg/m® - s),
For k1 < 2, the solutfon for ny has two real roots,

one positive and one negative; the positive root is
taken. For ki » ¢ ({temperature T 31495 ¥), the
solution has no positive roots, In this case, we set

Ry = 0, At these temperatures, carbonate cecomposi-
tion will he complete so CO, will not he present
anywdy. The char/CO; reactfon stould be important

for temperatures betwaen about 850 K and 1200 K,

After Ry {5 known, adjustments in 0. and
Ry are requiref, namely,
Ry e-- Ry - Ry (50)

Ne 4= e - 12148 Ry At (51,
where the arrow denotes replacement, and At s the
time step. Finally, €0 generatfon is glven by

(2.3

Reo = 56744 R, (ka/m® * 5) (52)
Cnar - Hzo
C+ Hp ——> €O + Hp (53)

The char-steam reaction is controlled by three

processes: transfer of steam from the bulk flow to a

particle's surface, diffusion of steam into the par-

ticle, and the rite of reaction of steam with char.
Mass transfer from the bulk flow through a

particle's surface is calculated from

ovp = 3 Kp oy/Rp(1 + My ,0) (54)

where

Ky = 90.5V. (55)

In equation (55), V is the magnitude of gas velocity.
Diffusion rate of Ho0 vapor into shale is
computed from

- o2 . R
De. g = 7.4 x 10716 (op) 173 w2y (56)

where o is  initial  kerogen density (kg/m3
shale), he transfer rate, which accounts to some
degree for counterflow of gas from a particle and

includes particle s'ze effect, is
{
In 1 + XHZO)] 3 De,H20 Pyvp
- X
X J RZ
p

R

7b =
H,0

-1
1/3 .
[(%%g;;) - 1} (kg H0/m* * ) (57)

where char is the local char density and char' is the
maximum char density that can be produced in the Toca)

particle shell, [f char « char', we set Ry, to
1030, 1f char = 0, we set Ryp to 0.

The reaction rate between cnar and steam is
determined from

. . 3
R7a « 1.5 /pHZO char * 3,14 x 10
27

x el =2210/T) (g o < ) (58)

where Py fs the partial pressure of Hp0 vapor

in the buge gas stream,
The total reaction rate is then

R7a Fr

3
R, = (kg H,0/m * 5) (59)
77 R, T Ry 2

and the amount of Hp0 teacted during a time step at
s

AHZO - N, * At ) A”S (kQ “20) ] (60)

vhell volume, The amount
yuantities of CO and Hp

whore Ae 1% the particle
of char consumed and the
produced are then found from



a char = 0.667 a H20 ﬁkg) s
A H = 0.1119 a Hy0 kq) ,
A C = 1,5548 a Hp0  (kg) . (61)

The H0 consumed is subtracted from the total H%O
while the Hp and CO produced are added to the bulk
gas stream. The amount of char consumed is subtracted
from the total char in the particle shell, Energy
absorbed by this reaction is 7.29 x 106 J/kg -
Ho0 consumed.

Water-Gas Shift

1
CO + Hp0 == C0p *+ Hp
K2

This reaction can change the composition of the
product gas. The reaction can occur in either direc-
tion depending on the local gas stream temperature and
the relative concentration of the reactants,

The rate of reaction of Hy)d is given by

8 H,0 = -at * K; ° rfcol - [HZO] )

* [C02] : [HZ]) (moles) , (62)
where
0] = molar concentration of C0O in gas stream,
H O% = molar concentration of H,0 in gis stream,
Cs = molar concentration of COp in gas stream,
[Hzﬁ = molar concentration of Hy in gas stream,
and .
Ky = 375, x e(=7300/T) (s°7) , (63)
Ky = 58.82 e(-4400/T) | (64)

Heat of reaction is 2.29 x 106 J/kg - aH20.

As in all reactions in WAFE-0S, we check to
insure that reactions do not consume more substrate
than is available. This prevents one source of non-
conservation of mass and energy.

Coking

An additional decomposition can occur in the ol
that remains inside shale particles during pyrolysis.
This process is callea coking. The coking reaction is
approximated by

1 kg 0i) -—~» ,0604 kg H, + .0431 kg H.0
9 e g R, 9 Ky

+ 1927 kg CH, *+ .7038 kg char (65)

where K. = 3.1 x 107 x o(-17681/T) -1, (66)

The extent of coking depends on the heating rate
history of the shale at any point, since that controls
the fraction of oil that remains in the shale during
and after kerogen pyrolysis.

Mode! Check-Qut

The fluid flow portion of the model has heen
compared with two-phase analytic similarity solutions
for a number of boundary and inftial conditions with
excellent agreement. (For examnle, Fig. 2 shows com-
parison with one similarity solutiOn.% It has also
been checkad against several sets of experimental data.
In one experiment, super-heated steam was tinjected
into a vertical column of cold, initially dry sand.
Temperature aud pressire were recorded at varfous
depths in the column, The calculations agres well
with the data. Ir another experiment, hot Ny was

injected into cylindrical samples of partially satu-
rated, crushed tuff, Inflow rates, injection pressure
and tempercture, and temperatures at points within the
sample were recorded. The model calculations showed
good agreement with the data, Details of these and
other comparisons will be available in a separate
report.

We have made a number oOf check-out calculations
to insure that the new features (temperature structure
inside particles and oil shale chemistry) are working
properly, Figure 3 compares numerical and analytic
solutions for diffusion of heat into spherical
particles at severai times. Time has been non-

dimensionalized by multiplying by «/Rf, where «x
is the thermal diffusivity. Temperature and radius
have been normalized. The three solutions shown

correspond to earlv. intermediate, and late times,
In each case, surface temperature was held fixed, In
one numerical calculation, five 1internal shells of
equal volume were used (the +'s); in a second calcula-
tion, five internal shells of equal thickness (the X's)
were used; and the final calculation used a single
internal shell (the circles on the ordinate axis).

SOURCE: 2 BAR, 700°C PURE STEAM
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It appears that fivz shells of equal thickness provides
good accuracy. In other calculations, initial pore
fluid temperature and rock temperature were set to
different values. In all cases, the rock and fluid
temperatures reached a common equilibrium temperature
equal to that required by energy conservation.

Another series of calculations exercised the
kerogen pyrolysis and carbonate decomposition sections
of WAFE-0S. 1In this study, the inert fluid bathing
the shale particles was heated at & constant rate.
The rates of prcduction of kerogen products (methane,
hydrogen, oil, steam, (0, and CH,, which repre-
sents several C, and C3 products) wers monitored,
Figures 4 and 5 show the production rates (vs fluid
temperature) of oil and H,,  respectively, for two
heating rates—-12°C/hr and 120°C/hr. Particie radius
for these calculations was 0.1 ¢cm. Material proper-
ties used are given in Table i,

Figures 6 and 7 plot production rates for oil
and Hp vs fluid temperature when the bathing fluid
is heated at 120 °C/hr. Here, the effect of particle
radius is shown, As particle radius increases, pro-
duction is shifted to higher fluid temperatures, and
the curves have changed qualitatively. This change
reflects the delay in conduction of heat into larger
particles. No combustion was allowed for this test.
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Table 1.

Grade

Density

Thermal conductivity
Specific heat

Heat transfer coefficient
Dolomite
Calcite

Material Properties

2/kg (14.6% wt kerogen)
X 10S kg/m3 S

m-s

1.2 kd/kg.s

8 J/m.s

30% wt

17% wt

0.1
2.25
1J/

The effect of particle size on consumption of
char in an oxygenated atmosphere is shown in Fig, §,

As expected,
Oxygen has

particles. The rate at
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no analytic solutions to a retorting process are
known, this avenue is not available,) Benchmarking.
that s, comparison to other code calculations, is
possible, Comparison of WAFE-0S to results generated

by the LLNL one-dimensional
benchmarking test,
the near future.

The most important tests of WAFE-0S (or of any
m¢ 21) are compiarisons with actual experimental data.
We are fortunate in that a great deal of experimental
shale retorting data is available. Many documented
one-dimensional retorting experiments have been
conducted at LLNL. We have compared WAFE-0S to one of
these, designated as Run S-17 (11). We plan addi-
tional comparisons in the future with other runs.

Pun S-17 was a combustion run using an air and
nitrogen mixture source. Table Il indicates relevant
material and geometric properties of the experiment.
1able Il describes the source conditions used.

The calculation compared favorably with the ex-
periment, Figure 9 compares observed centerline tem-
peratire histories with calculated values. The curves

model would be a good
Such a comparison is planned in

Table II. fharacteristics of Run S-17

Shale charge 123.2 kq
Fischer assay 0.104 %/kg
void fraction 47%
Charge length 1.46 m
particle size -2.54 + 1.3 cm
Fffective particle size 1.8 ¢m
Length of run 22 h
Mineral carbon 4.57¢ wt
Bulk shale density 2.22 x 103 kg/m
Heat :ransfer coefficient

g used in calculation 8 J/mg
Thermal conductivity of shale 0.48 J/m:s-°C
Specific heat used 1 kJ/kg:"C

Table [I1. 1Inflow Composition Used in Calculation
T ime Air No Flow Temp.
() (vol)  (a¥ol)  (ws)  (O)
1.4 - 2,73 100 0 0.3 1200
2.73 - 3.44 100 0 0.845 1200
J.44 - 23,44 50 50 0.845 3l

Fluld Temperature (10"’colslus)

1.4 1 T 1 T
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SOURCE
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Fig. 9. Comparison of calculated with observed tem-

perature histories for kun S-17. Higher peak
calculated temperatures and lower late-time
calculated temperatures are believed due to
effect of wall heater,

are reasonably close, The calculated curves are scme-
what higher than ouserved. In the experiment, heat
loss at the walls of the vessel was not entirely con-
trolled, Temperatures measured in the wall and in the
shale next to the wall were as much as 100°C lower
than centerline. This wall heat loss was not included
in the calculation., A two-dimensional calculation
that includes wall heat loss will be done, 0il yield
was measured as 38 volume (although on another page

of Ref. (l1) it is given as 92%). Our code calcul i
tion predicted an oil yield of 91%, This again is

probably influenced by the higher calculated tempera-
tures. Retorting rate is also very close to the
measured value of about 1.73 m/day. Figure 10 shows
volume percent of one of the exit gases as a function
of time,

APPLICATIGNS

The applications of & fully-coupled, two-dimen-
sional retorting model are numerous. It can be used
to evaluate various ignition strateqies; look at the
effects of leaks and water infiltration; determine the
impact of non-uniformities 1in porosity, rubble size,
grade, and composition; show the influence of buoyancy
and condensation; and compute the effect of retort

geometry,

Owr effort until very recently has focused on
creating o versatile tool, WAFE-0S. Application of
the model to these varied ccncerns s oanly now
beginning.

Two-Dimensional Example

Tn this section, a sample two-dimensional appli-
cation is described, It demonstraters the capabilities
of WAFE-0S. Figure 11 shows the basic retort yeometry
considered in the example. The retort is assumed to
have a rectanqular cross-section whose width is 15 m
and whose height fs 33 m, the top 3 m of which is a
void space. Several types of non-uniformities have
been {ncluded in the column. On the vight side, we
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assume a high permeability channel, Near the channel
i+ the upper part {s a region of high permeability,
low porosity, and large rubble size. 1In the upper
left area is a region of low permeability due to the
presence of small rubble size. [In the lower part of
the retort, we have included a regfon of low-grade
shale. The sides of the retort are impermeable. Two
exit ports are fincluded in the floor. Inflow gases
¢re deposited in the plenum void at the top. (Injec-
tion of in-flow gases at discrete points is allowed in
the WAFE-0S model, however.) Table IV indicates the
relevant material proporties used in the calculation
and Table V gives the inflow gas composition and

energy. This example 1s not intended to represent any
particular site, The noi-uniformities chosen are
believed typical of what 1is found in the field. The

particular values

of permeability, etc., are only
estimater, .

Table 1V, Material Properties Used in Calculation

Region
i 11 111 IV v

Permeability

(Darcys) 50 250 10 200 50
Porosity .25 .30 .35 .10 .25
Averane particle

diam (cm) 15 20 2 30 15
Heat transfer

coefficient 8

(Jfm.g) 8 8 8 8 8
Rubble density

(kg/m3) 2300 2300 2300 2300 2300
Specific heat

(kd/kg-"C) 1 1 1 1 1
Thermal conductivity

(J/m-*C-s) 0.5 0.5 0.5 0.5 0.5
Kerogen, %wt 15 15 15 15 5
Dolomite, 2%wt 21 21 21 21 22
Calcite, %wt 12 12 12 12 15

1.0 Darcy = 9.87 x 10-13n

Table V, Inflow Composition and Energy
Time 0 N Steam Flow Rate Temp.
(h) (% 601.) (% 601.) (% Vol.) (moles/mé.s)  (°C)
0-24 0 35.0 65.0 .43 800
24. 12.6 47.4 40.0 1.7 70

Results

T Hulti-dimensional, multi-component reactive flow
models can generate an enormous amount of informa-
tion. Automatic graphic display of results greatly
reduces the task of interpreting such calculations,

In the present example, the simple-minded igni-
tion strategy used did not result in uniform heating
and ignition across the retort. The regions of high-
est permeability (Regions 2 and 4 in Fig. 11) heated
up faster than the other regions and ignition orcurred
there first, Our inflow changed to a cold air-stream
mixture that prevented the shale outside Regions 2 and
4 frum igniting, Eventually, the burning fronts may
spread into the unignited regions. This calculation
was terminated shortly after ignition started bhecause
of the poor ignition pattern, The calculation will be
done again with a different inflow strategy., However,
the results from ithis brief run are of some interest.

Figures 12 and 13 show the fluid temperature
contours before and atter ignition, resnectively, The
temperature peaks in ¥ig. 13 &are clearly seen in the
channel and in the large block regions. Liquid satu-
ration contours are shown in Figs., 14 and 15 for pre-
and post-ignition conditions. Liquid is accumulating
in the low-permeability, small-particle region and in
the shale immediately adjacent to the channel. No
liquid 1s present in the hot shale aiove 25 m
(Fig. 15). As the retort heats up, liguid will siowly
move out and vapor will not be able to condense,

In the remaining fiqures, which compare motlar
concentration contours pre- and post-ignition for
varicus pyrolysis and carbonate decomposition and
combustion product gases, the effect of non-uniform
properties 1{s very obvious, C0p production s
f1lustrated 1in Figs, 16 ard 17, Pre-ignition COp
production {s mainly in Regions 7 and 4, which are
hottest, In Fig. 17, CO0p is ccming mainly from
combustion and carbonate decomposition. The left side
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of the retort is cooling off and CO» generation is
virtually stopped, Figures 18 -nd 19 show oil vapor
concentration contours., In Fig. 18, oil generation is
strongest in the upper right-hand area. Downstream of
that region, the concentration is higher because of
mixing and because of the slower flow there, After
ignition (Fig. 19), o1l is of course depleted in and
below the combustion zones. 0il production is con-
tinuing in other hot parts of the retort, Plots of
Hp, CH4, and CH, are not shown because they are
very similar to the oil vapor patterns. This example,
although incomplzte, exercises almost ali of the cana-
bilities of the WAFE-0S model. Future work should
reveal to us the sensitivity of important parameters
such as totai oil yield to non-uniformities in retort
propert.es,

CONCLUSTON

We have described a time-dependent, two-dimen-
sional oil shale retorting model that fully couples
retorting chemistry with flow dynamics. The computer
code WAFE-0S, which numerically solves the equations
of the model, has been compared with analytic solu-
tions and experimental data with satisvactory agree-
ment, A <ample two-dimensicnel calculation has been
described that demonstrates the capabilities of the
mode!. The model can be used to examine the effects
of 1gnition strutegies, the effects of problems such
as water infiltration, the effect of non-uniformities
in rubble size, grade, permeability, etc,, on retort
efficiency, ana the impact of buoyancy in horizontal
(and vertical) retorting, Future work will concen.
trate on exploring these various applications,
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